Election outcomes can be difficult to predict. A recent example is the 2016 US presidential election, in which Hillary Clinton lost five states that had been predicted to go for her, and with them the White House. Most election polls ask people about their own voting intentions: whether they will vote and, if so, for which candidate. We show that, compared with own-intention questions, social-circle questions that ask participants about the voting intentions of their social contacts improved predictions of voting in the 2016 US and 2017 French presidential elections. Responses to social-circle questions predicted election outcomes on national, state and individual levels, helped to explain last-minute changes in people's voting intentions and provided information about the dynamics of echo chambers among supporters of different candidates.
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, such election-winner questions have successfully predicted many election outcomes 2, 3 . However, election-winner questions have some imperfections. They do not straightforwardly predict actual vote shares because they ask for expectations that a candidate will win and not for the estimated percentage of voters who will vote for the candidate. They produce predictions on the national, but not on the state and individual levels. Furthermore, they might be influenced by occasional inaccurate predictions reported in the media 4 . Social-circle questions can provide useful information in election polls for several reasons. It has been shown that people make relatively accurate judgements about various characteristics of their immediate social circles [5] [6] [7] . Averaged across a national sample, respondents' judgements of the percentage of their social contacts with different characteristics (from levels of household wealth to health problems) come close to the actual percentage in the general population 8 . Moreover, reporting about friends' preferences for an unpopular candidate can be less embarrassing than admitting to personally having these preferences 9, 10 . People's reports about their social contacts may also reveal the social interactions that shape their beliefs and behaviours, and predict changes in their own intentions over time due to social influence processes 11, 12 . Finally, social circle questions provide information about individuals who were not included in the sample of a particular poll, thus implicitly increasing sample size and possibly reducing some of its sampling, non-response and coverage biases 13 . We studied the usefulness of social-circle questions in two different elections: the 2016 US presidential election and the 2017 French presidential election. Held on 8 November 2016, the US election essentially focused on two candidates: Hillary Clinton and Donald Trump. Other candidates were collectively not predicted to win more than about 10% of the vote. By contrast, the French elections involved at least five prominent candidates: François Fillon, Benoît Hamon, Marine Le Pen, Emmanuel Macron and Jean-Luc Mélenchon (in addition to six others). The French election was held in two rounds: the first round on 23 April 2017 and the second, focusing on the two top candidates (Marine Le Pen and Emmanuel Macron), on 7 May 2017.
In each country, we asked two-part questions about participants' social circles: (1) "What percentage of your social contacts is likely to vote in the upcoming election?" and (2) "Of all your social contacts who are likely to vote, what percentage do you think will vote for [candidate] ?" (see Methods). In the United States, we asked social-circle questions in two national surveys: the GfK election poll conducted in the week before the election 14 and the University of Southern California (USC) Dornsife/LA Times election poll conducted daily from July 2016 until after the election 15, 16 . We compared the social-circle questions with questions about own intentions to vote. After asking whether participants plan to go vote, the GfK poll asked, "If you were to vote in the presidential election that's being held on November 8th, which candidate would you choose?" 14 , while the USC poll used a probabilistic question, "If you do vote in the election, what is the percent chance that you will vote for Clinton, Trump or someone else?" 17, 18 (see Methods). In addition, the USC poll elicited election-winner expectations: "What is the percent chance that Clinton, Trump or someone else will win?" In France, we asked the social-circle questions in the election poll conducted by the survey research company BVA on a national sample in the week before the first round of the election. We compared the answers to social-circle questions with answers to own-intention questions of the form: "Which candidate are you most likely to vote for?" (see Methods). These data allowed us to investigate five research questions, discussed below.
Our first research question examined whether asking about social circles improved predictions of national election results. Tables 1 and 2 summarize results from the US and French elections, including established measures of prediction error. In the United States, social-circle questions were more accurate than own-intention questions in predicting the whole distribution of vote shares for different candidates (Table 1 and Supplementary Dataset). We found lower values of the error measures Mosteller 3 (ref. 19 ) and
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less well. This is reflected in the error measure Mosteller 5 (ref. 19 ), which considers only the two main candidates. Which of these wellestablished error measures is more important will depend on the number of prominent candidates in a given election and on the aims of the particular poll. In France, social-circle questions performed better than own-intention questions on all error measures and in . Socialcircle questions were also more successful than both own-intention questions and aggregate polls in predicting winners of the five swing states that unexpectedly went to Trump (Florida, Michigan, North Carolina, Pennsylvania and Wisconsin). They predicted four of these states correctly, compared with three by own-intention questions and zero by aggregate polls. In summary, these results suggest that people possess valuable information about their social circles, which could be used to improve election predictions at national and state levels.
Third, we examined whether social-circle questions benefited predictions of individual voting behaviour. We found that changes in social-circle reports predicted subsequent changes in own voting intentions. For participants who completed the USC surveys in August, September, late October/early November 2016 and immediately after the election (N = 1,263), social-circle questions contributed to the explanation of their actual voting behaviour over and above own-intention questions (Supplementary Table 1 ). Figure  1a shows that, up until the week before the election, participants reported that they were on average more likely to vote for Clinton than for Trump, whereas more participants ended up voting for Trump than for Clinton. Figure 1b shows a reversal towards Trump in social-circle reports as early as September 2016, when own-intention questions were still predicting a lead for Clinton. A weighted average of own-intention and social-circle estimates produced more accurate predictions of individual voting behaviour than own intentions alone (with weights being regression coefficients in a model that included both types of questions; see Supplementary Table 1) . Of note, election-winner expectations did not contribute to explanations of voting behaviour over and above own-intention and social-circle questions (Supplementary Table 1 ). Similar patterns were observed throughout the pre-election period, with own-intention and social-circle reports jointly contributing to reports of own intentions in subsequent survey waves (Supplementary Table 2a,b) .
Fourth, we analysed whether social-circle questions helped to explain last-minute changes in voting intentions. As mentioned, not all participants ended up voting for the candidate they announced as their favourite in the week before the election (see also Supplementary Table 3) . Participants whose own intentions mismatched those in their social circles were less likely to eventually vote for their intended candidate ( Supplementary Fig. 1 ). Although some of these participants had less strong intentions to vote for their preferred candidate in the first place, our overall results suggest that social-circle reports foretold a switch in voting intentions before it happened. Generally, changes in participants' social circles over time predicted their later intentions to vote for specific candidates and to vote at all, as revealed by vector autoregression modelling and Granger causality tests 24, 25 (Fig. 1c and Supplementary Tables 4 and 5 ). This pattern of results was found for both Trump and Clinton voters, suggesting that participants' perceptions of how social contacts would vote affected their own beliefs regarding the candidates. In addition, Trump voters appeared to influence later changes in their social circles, whereas Clinton voters did not.
Our final research question examined whether asking about social circles provided insights about the dynamics of echo chambers. Social-circle questions revealed increased homogenization of Trump voters' social circles over time. Figure 2 shows the percentage of like-minded social contacts that Trump and Clinton voters reported in the USC poll. Extreme echo chambers would be seen in . c, Granger causality tests suggest that social circles influenced own intentions that were reported weeks later. For Trump voters, own intentions also seemed to influence subsequent social-circle reports. Results are for N = 1,263 individuals who participated in the USC survey waves in August, September, early November 2016 and immediately after the election. Because we are interested in predictions of individual behaviour in this particular sample, estimates are adjusted for the likelihood of voting (see Methods) and are otherwise unweighted.
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social circles that include nearly 100% like-minded individuals. In August 2016, individuals who eventually voted for Trump and those who eventually voted for Clinton had similarly diverse social circles. Their social circles included on average around 68% and 71% likeminded individuals, respectively. However, over time, social circles of Trump voters included increasingly more like-minded individuals. By contrast, we did not observe a similar increase in the homogeneity of Clinton voters' social circles. Hence, the additional Trump voters in the social circles of our Trump-voting participants were probably coming from people who previously did not plan on voting, were undecided or were planning to vote for third candidates. It is also possible that Trump voters were more inclined to exclude Clinton supporters from their social circles than were Clinton voters to exclude Trump supporters. In any case, the homogenization continued after the election, when Trump voters reported social circles that consisted of on average 77% like-minded individuals, compared with 68% among Clinton voters. Just after the election, 42% of Trump voters had social circles that included ≥ 90% likeminded individuals, compared with only 30% of such participants among Clinton voters. When further investigating whether the homogeneity of social circles was related to sociodemographic variables (Supplementary Table 6 and Supplementary Figs. 2 and 3) , we found moderate relationships with participants' political leanings, age, education and US state of residence. For Trump voters, homogenization of social circles was particularly pronounced among voters ≥ 65 years of age, in particular in states that voted Republican. Education played an additional role, with social circles of less-educated Trump voters homogenizing more and faster than those of more-educated Trump voters. Age did not predict homogenization for Clinton voters. In addition, in strongly Democrat states, moreeducated Clinton voters had somewhat more homogeneous circles than less-educated voters (see Supplementary Figs. 2 and 3) .
Taken together, our results make two contributions. First, people's reports about their social circles can improve predictions of election results and enhance understanding of individual voting behaviour. We observed these findings across different poll designs in two countries with different political systems, suggesting that other election polls could potentially benefit from including socialcircle questions. Social-circle questions may also be useful in surveys that aim to forecast other beliefs and behaviours. One reason for the usefulness of social-circle questions could be the increased implicit sample size, which was reflected in reduced standard errors of social-circle compared with own-intention questions.
In addition, social-circle reports might provide information about people who would otherwise be missing from polls due to coverage, sampling or non-response errors 13 . Thus, social-circle questions could be particularly useful when polls must rely on relatively small samples in some states. Another reason for the usefulness of social-circle questions might be that participants who are reluctant to report that they favour a potentially embarrassing option could nevertheless be willing to report that their social 
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circle favours it 9, 10 . Finally, through processes of social influence, individuals' voting intentions could indeed become more similar to the prevailing opinion in their social circles over time 11, 12 . Our second main finding is that asking about social circles can provide insights into the social dynamics that shape individual voting behaviour. We found interesting differences between Trump voters and Clinton voters. Trump voters seemed to be influenced by their peers and influenced them in turn (Fig. 1c and Supplementary  Table 5 ). Clinton voters seemed to be mostly influenced by others while not influencing others themselves. One explanation for this finding is that Trump voters might have been more likely to project their own intentions onto the intentions of their peers, perceiving them as more similar to themselves than they were 26 . It is also possible that they were influencing their friends and family to vote for Trump, or that the composition of their social circles was changing over time to include more Trump supporters. These differences between Trump and Clinton voters are echoed by the finding of increased homogenization of social circles of Trump, but not Clinton, voters (Fig. 2) . This pattern of homogenization probably results from several inter-related processes. One is Trump supporters' increasing suspicion of the 'mainstream media' 27 and greater reliance on in-group information sources. Another is 'unfriending' of people with incompatible political opinions, which is practiced by supporters of both candidates 28 . Perceived homogeneity can further increase if people are reluctant to disclose political views that are not in accord with the prevailing opinion among their peers 29 .
Our results are in line with a recent analysis of Twitter data that showed significant homogeneity and isolation of Trump voters relative to supporters of other candidates 30 . Overall, social-circle questions are a way of tapping into the 'local' wisdom of crowds [31] [32] [33] . Standard election-winner questions attempted to tap into the wisdom of crowds by asking people about their predictions for overall election results [2] [3] [4] . This can be problematic because people do not have direct experience with everyone in the general population. Instead, they have to make population inferences based, at least in part, on second-hand information, such as occasional erroneous predictions reported in the media. By contrast, social-circle questions harvest people's direct experiences with their immediate social environments [5] [6] [7] [8] 34 . It is important to note that the survey sampling design will affect the usefulness of social-circle questions. If social-circle reports come from a biased, non-representative sample of the overall population, their average will probably be a biased estimate of true population values. In well-designed samples of the population of interest, social-circle questions can improve survey estimates, especially when these are otherwise based on small samples or when they pertain to socially sensitive beliefs and behaviours. In addition, social-circle reports can provide valuable information about social interactions that shape individual beliefs and behaviours.
Methods
Aggregate polls. For election predictions based on aggregate polls in the United States, we used data from 1,106 national polls 23 and 3,073 state polls, summarized by the website FiveThirtyEight 35 . In France, we used results of 20 different polls conducted in the week before the first round and 18 before the second round of the election 36 . USC Dornsife/LA Times presidential election poll. Question texts. Introduction: "In this interview, we will ask you questions about the upcoming general election for the President of the United States on Tuesday November 8, 2016. All questions ask you to think about the percent chance that something will happen in the future. The percent chance can be thought of as the number of chances out of 100. You can use any number between 0 and 100. For example, numbers such as: 2 and 5 percent may be 'almost no chance' , 20 percent or so may mean 'not much chance' , a 45 or 55 percent chance may be a 'pretty even chance' , 80 percent or so may mean a 'very good chance' , and a 95 or 98 percent chance may be 'almost certain' . "
Own-intention questions: " (1) What is the percent chance that you will vote in the Presidential election? (2) If you do vote in the election, what is the percent chance that you will vote for Clinton? And for Trump? And for someone else?" The order of the candidates was randomized for this and other questions in all three polls. Social-circle questions: "Now we would like you to think of your friends, family, colleagues and other acquaintances of 18 years of age or older that you have communicated with at least briefly within the last month, either face-to-face, or otherwise. We will call these people your social contacts. (1) What percentage of your social contacts is likely to vote in the upcoming election for President? For instance, 0% means that you think none of your social contacts will vote, and 100% means that all of your social contacts will vote. If you are not sure, just try to give your best guess. (2) For the next question, please consider only those of your social contacts who are likely to vote in the upcoming election for U.S. President. Of all your social contacts who are likely to vote, what percentage do you think will vote for Clinton, Trump, or someone else? For instance, 0% would mean that you think no voters in your social circle will vote for that candidate, and 100% means that all voters in your social circle will vote for that candidate. Again, if you are not sure, just try to give your best guess. "
Election-winner expectations questions: "What is the percent chance that Clinton will win? And Trump? And other candidates?"
Sample. Participants were members of the Understanding America Study (UAS) at USC's Dornsife Center for Economic and Social Research. This longitudinal study 37 included close to 6,000 US residents who were randomly selected from among all households in the United States using address-based sampling. They were recruited by a combination of mail, phone and web surveys. Members of recruited households who did not have Internet access were provided with tablets and Internet service. In May 2016, all panel members who were US citizens were asked to respond to a pre-election survey. Those who completed the study and agreed to participate constituted the election poll panel.
Starting from 4 July 2016, each member of the poll panel was invited to answer the election poll once a week 38 . Members received the invitation to participate each week on the same day of the week, but they were allowed to respond up to 6 days later (that is, until the day before the next invitation). On average, across waves, study completion rates were 70%. As reported by UAS 38 , the average panel recruitment rate, reflecting those individuals who completed the initial mail survey among those who consented to participate in the UAS, was 29.7%. The percentage of active panel members was 13.6% 37 . Combined with the study completion rate, the cumulative response rate for the studies reported here was 9.5%.
Five study waves included all three types of questions of interest here (ownintention, social-circle and election-winner questions): (1) N = 3,798) . In all waves except wave 4, all questions were asked together. In wave 4 only, socialcircle questions were asked in a separate questionnaire from own-likelihood and election-winner questions. Social-circle questions were asked starting from 3 November 2016, and all participants completed all questions within a time period of about 3 days. The pattern of results presented in the main text does not change if we analyse only the 969 participants who, in wave 4, completed all questions on the same day. This would be expected because all pre-election 'surprises' occurred before this survey period, with the last being the 28 October 2016 FBI announcement that they were re-opening the investigation into Clinton's emails.
In this paper, we analysed two subsamples of participants: those who completed wave 4 (excluding a small number of participants who did not answer all questions, resulting in the total N = 2,229) and those who completed each of the waves 2, 3, 4 and 5 (N = 1,263).
Analyses. Survey weights were constructed by a raking procedure that matched the sample to national population benchmarks for distributions of age by sex, race/ ethnicity, sex by education and household size by income, based on the May 2016 Current Population Survey. An additional weighting variable, reflecting whether participants voted in the 2012 election and whom they voted for, was used to achieve representative proportions of voters for different candidates 39 . The weights were used only for the analyses on N = 2,229 individuals who participated in the last wave before the election (results shown in Table 1 ). The analyses on N = 1,263 individuals who participated in all survey waves from August 2016 to after the election were done on unweighted data, because the goal of these analyses was to describe that particular sample and not to make inferences about the overall population.
In line with previous studies using probabilistic questions about voting behaviour 17, 18 , USC predictions of election outcomes from own-intention (or social-circle) questions were derived by (1) multiplying each participant's own (or social circle's) likelihood to vote by his/her (or his/her social circle's) likelihood to vote for each of the candidates, and (2) estimating the ratio of the resulting variable and the average of the participant's own (or social circle's) likelihood to vote across all participants 38 . GfK election survey. Question texts. Own-intention questions: "(1) How likely are you to vote in this upcoming election? (2) If you were to vote in the presidential election that's being held on November 8th, which candidate would you choose?" Response options were Clinton, Trump, Johnson, Stein, another candidate, undecided, and would not vote. The question was slightly modified for those who were certain to vote/had already voted: "Thinking about the presidential election Letters NATURE HUMAN BEHAvioUR that's being held on November 8th, for whom will/did you vote?" Likelihood to vote was determined by combining participants' answers to question (1) and questions asking whether participants were registered voters in their state of residence and whether they had voted in previous elections.
Social-circle questions used the same wording as in the USC poll.
Sample. Participants were selected from GfK's national, probability-based online KnowledgePanel, which currently includes 55,000 active members 40 . They were primarily recruited using address-based sampling methods, including telephone follow-up for refusal conversions. Adults who were selected to join KnowledgePanel but did not have access to the Internet were provided with Internet access and a web-based device at no cost. For this study, the KnowledgePanel sample included active panel members who were ≥ 18 years of age and lived in the United States at the time of the study. Participants were selected using a proprietary probability proportional to size sample algorithm. As a result, the final sample reflected the demographic profile of adults ≥ 18 years of age based on targets derived from the March 2016 Current Population Survey. The sample was also balanced in respect to party identification (Democrats, Republicans and Independent/others) as measured on an earlier panel profile survey, with target proportions based on the average values obtained from eight different probabilitybased national polls fielded in the two months prior to this study.
A total of 4,181 members of GfK's KnowledgePanel were included here. The field period was 4 November 2016 (1:30 est) to 8 November 2016 (11:45 est). Of those who were invited, 2,367 members completed the survey (a 56.5% study completion rate). As reported by GfK 41 , the average panel recruitment rate for participants in this study was 13.0%. Of the recruited households, 62.4% completed the initial profile survey. Together with the study completion rate, a cumulative response rate was 4.6%.
Analyses. Standard geodemographic weights were computed for all participants, regardless of voter registration and likelihood to vote, using iterative proportional fitting or raking. National population benchmarks based on the March 2016 Current Population Survey data were used to create weighting targets based on region, age by sex, education, income and race/ethnicity 41 . Predictions based on own likelihood to vote for different candidates, shown in Table 1 and Fig. 1 , were weighted answers to this question for the subset of participants who were likely voters. These were defined as all who indicated being registered voters in the state of their residence, were definitely likely to vote or had already voted, or said they would probably vote and also indicated they always or almost always voted in elections. In all, 1,897 of the respondents were determined to be likely voters (80.1% of all participants). Of those, 1,822 answered both the question about their own likelihood to vote for different candidates and the questions about their social-circle likelihood to vote. Predictions based on the social-circle likelihood to vote for different candidates were obtained as described in the section about USC methodology.
BVA French presidential election poll. Question texts. Own intentions:
Participants were asked about their voting intentions in the first and the second round of the election using the standard BVA methodology: "During the first round of the presidential election, which candidate are you most likely to vote for? (Lors du premier tour de l' élection présidentielle, quel serait le candidat pour lequel il y aurait le plus de chance que vous votiez?)". Response options were the 11 candidates, as well as "I will not vote" (used to infer participation rates) and "I will vote blank". For the second round, participants were asked: "Here is the list of candidates who, according to polls, should include the 2 qualified for the second round. Sample. In line with standard French polling practices 42 , the sample was selected from the BVA online access panel by quota sampling. The quotas were designed to represent the French population by gender, age, partisan affiliation, employment, region and settlement size, following the guidelines of the French National Statistical Institute. Only registered voters were contacted. The survey took place from 17-22 April 2017 to just before the first round of the election on 23 April 2017. According to BVA, of 1,685 people who satisfied the quota and were invited to participate, 59.5% completed the study, resulting in a final sample of 1,003 participants.
Analyses. Post-stratification weights were used to adjust the sample frequencies to the general population according to gender, age, employment, region and settlement size.
Predictions based on own likelihood to vote, shown in Table 2 , were weighted answers of all participants (who were all registered voters, by design) to the questions about their intention to vote for different candidates, to vote blank or to not vote, in the first and second round. Predictions based on social-circle questions were obtained as described in the section about USC methodology above, using answers to questions about the percentage of the social circle who will not vote or will vote blank, and who will vote for different candidates among those social contacts who will vote.
All participants gave informed consent. The research was approved by the USC Institutional Review Board (USC poll), and the Federalwide Assurance Signatory Official of the Santa Fe Institute (all polls).
Life Sciences Reporting Summary. Further information on experimental design is available in the Life Sciences Reporting Summary.
Code availability. Stata, SPSS and Matlab codes used for different analyses are available from the corresponding author upon request.
Data availability. The BVA and GFK data are available from the corresponding author upon request. The USC poll data, based on the UAS surveys, can be downloaded from https://uasdata.usc.edu/page/Academic+ Papers after registering on the UAS site as a data user.
